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We use one photon to simulate an n-qubit quantum system for the first time. We propose a
new scheme to realize universal quantum computation in polynomial time O(n5). A generating
set of gates can be realized with high accuracy in the lab. We conclude that photonic quantum
computation is one of the promising approaches to universal quantum computation.
INTRODUCTION
Here we present a new experimental method for uni-
versal quantum computation represented by a single
photon carrying orbital angular momentum (OAM).
We use one photon to simulate a multi-body quantum
system for the first time. We implement an n-qubit by
the superposition of 2n OAM modes of a single pho-
ton; a generating set of gates for universal quantum
computation on n-qubits by elementary operations on
a single photon. Experimentally these operations can
be done with accessible optical components in the lab
with high accuracy. Arbitrary n-qubit gate can be
implemented by at most O(n5) elementary operations,
therefore our scheme is efficient for universal quantum
computation.
Quantum computation has been promised to in-
crease greatly the efficiency of solving problems such
as factoring large integers, combinatorial optimiza-
tion and quantum physics simulation. A very im-
portant problem is factoring large integers, and the
best known classical randomized algorithms to find a
factor of a composite number d needs to run in time
2O((log d)
1
3 ) [1]. Remarkably, Shor introduced an al-
gorithm using the quantum Fourier transform which
factorizes integers only in time O((log d)3) [2].
People have attempt different experimental ap-
proaches to implement quantum Fourier transform
and quantum computations in general. In two-level
quantum systems, any n-qubit universal quantum
computation can be performed using a series of sin-
gle qubit rotations and two qubits controlled-NOT
(CNOT) gates [3]. It is particularly easy to ob-
serve quantum effects in optical systems, and pho-
tonic quantum computation has been proved to be
performed using linear optics [4, 5]. However, it has
been a long standing open question that how to im-
plement a universal quantum computation via multi-
photons. A major problem is that the highest effi-
ciency of implementing an accurate 2-qubits CNOT
gate is 25% due to the post selection [6, 7]. Count-
ing this probability, it essentially takes O(d2) times to
implement an arbitrary n-qubit gate, which requires
at least n− 1 CNOT gates.
Recently, people have implemented an n-qubit by
the superposition of d = 2n on a single photon with
OAM [8], which is a multi-dimensional degree of free-
dom [9]. However, their construction of an n-qubit
gate requires at least O(2n) operations, as each oper-
ation acts on at most two states. A better approach
shows that d-dimensional Pauli-X and -Z gates can be
actually constructed byO(log d) operations [10, 11]. It
is naturally to ask that whether we can implement the
quantum Fourier transform in polynomial time log d.
If so, then we can realize Shor’s algorithm via a single
photon. Furthermore, whether we can do universal
quantum computation via a single photon. In this pa-
per, we answer both questions positively. We provide
a new scheme to implement universal quantum com-
putation using at most O((log d)5) times by a single
photon.
MAIN IDEA
Our main idea is using one photon to simulate
a multi-body quantum system. The 2n orthogonal
states |c1c2 . . . cn〉 of an n-qubit quantum computa-
tional basis were encoded as the OAM state |m〉, such
that the following binary identification holds:
m =
n∑
k=1
cn−k2k−1 (1)
where 0 ≤ m ≤ d− 1 and ck ∈ {0, 1}.
The generating set of gates here for realizing uni-
versal quantum computation includes arbitrary phase
gate (eiθZ , Z stands for Pauli-Z gate) and the
Hadamard gate on the first qubit, the control-Z gate
on the first two qubits, and the cyclic permutation for
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2all qubits. All these gates can be implemented using
accessible optical components in the laboratory. We
show that arbitrary n-qubit gate can be realized by
the generating gates in time O((log d)5). Taking the
conjugate of the Hadamard gate on eiθZ , we can ob-
tain eiθX (X means Pauli-X gate). Then any 1-qubit
gate can be realized as a composition eiθ1Zeiθ2Xeiθ3Z ,
according to the Euler’s formula. Within the conju-
gation by cyclic permutation using at most O(log d)
times, we then can implement arbitrary 1-qubit gate
on any qubit. The swap gate can be obtained on the
first two qubits by using three control-Z gates and
six Hadamard gates. Then all swap gates can be
implemented on any adjacent 2-qubits using O(log d)
cyclic permutations and on any non-adjacent 2-qubits
in time O((log d)2). It is known that arbitrary n-qubit
gate can be generated by arbitrary 1-qubit gates and
the CNOT gates on any two qubits in time O((log d)3)
[3]. Therefore, we can realize universal quantum com-
putation using at most O((log d)5) times on a single
photon.
GENERATING SET OF GATES
Under the binary identification (1), we
consider the superposition of OAM modes
{|0〉 , |1〉 , |2〉 , · · · , |d− 1〉} of a single photon as
an n-qubit. We then identity the generating set of
gates on n-qubits as operations on d OAM modes.
Arbitrary phase gate eiθZ on the first qubit can be
implemented experimentally as shown in figure 1. Ac-
cording to the binary identification (1), the phase gate
ρθ=e
iθZ ⊗ I⊗ I · · · ⊗ I (I is an identity operation) will
do the operation ρ˜θ to the OAM states as follows:
ρ˜θ |l〉 =
{
eiθ |l〉 , l ∈ even
e−iθ |l〉 , l ∈ odd (2)
Figure 1. Arbitrary phase gate. Phase plate is an OAM-
independent plate and the OAM-BS works as a parity
sorter [12].
Figure 2. The hadamard gate works on the OAM of a
single photon. The BS in green is an OAM-independent
beam splitter, where x and y stand for paths.
The hadamard (H) gate on the first qubit can be
implemented experimentally by OAM-BS and OAM-
independent beam splitter, as shown in figure 2. Ac-
cording to the binary identification (1), the Hadamard
gate Λ=H ⊗ I ⊗ I · · · ⊗ I will do the operation Λ˜ for
the OAM states as follows:
Λ˜ |2m〉 = 1√
2
(|2m〉+ |2m+ 1〉)
Λ˜ |2m+ 1〉 = 1√
2
(|2m〉 − |2m+ 1〉)
(3)
where 0 ≤ m ≤ d2 − 1.
Figure 3. The cyclic permutation. Double transformation
is used to expand the values of OAM modes to two times
[13]. Mode sorter is used for splitting all modes into each
path [14, 15]. Then all modes can be combined via a mode
sorter in reverse [16].
The cyclic permutation on n-qubits can be imple-
mented experimentally as shown in figure 3. Accord-
ing to the binary identification (1), the cyclic permu-
tation Γ |c1c2 . . . cn〉=|c1c3 . . . cn−1c2c4 . . . cn〉 will op-
erate the OAM states as an operation Γ˜ as follows:
Γ˜ |l〉 =
{
|2l〉 , 0 ≤ l ≤ d2 − 1
|2l − d+ 1〉 , d2 − 1 < l ≤ d− 1
(4)
The control-Z (CZ) gate (-1, 1, 1, 1) on the first two
qubits can be implemented experimentally as shown
in figure 4. According to the binary identification (1),
the CZ gate Ω=CZ ⊗ I ⊗ I · · · ⊗ I will do the corre-
sponding operation Ω˜ on the OAM states as follows:
Ω˜ |4m〉 = − |4m〉
Ω˜ |4m+ j〉 = |4m+ j〉
(5)
3where 0 ≤ m ≤ d4 − 1 and j = 1, 2, 3.
Figure 4. The control-Z gate. Dove Prism is a mode-based
phase operation [17].
Using these generating set of gates, we can realize
universal quantum computation on the OAM of a sin-
gle photon in time at most O((log d)5) as we discussed
in the main idea.
CONCLUSION
We introduce a new scheme to simulate a multi-
qubit system by a single photon. We implement uni-
verse quantum computation on the OAM of a single
photon in polynomial time log d for the first time. All
operations on the single photon can be done with ac-
cessible optical components in the lab. Our scheme is
very promising for realizing universal photonic quan-
tum computation.
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